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Evaluation of a Puzzle-based Virtual Platform for Improving Spatial
Visualization Skills in Engineering Freshmen
Abstract
Being able to spatially visualize and mentally rotate is a key skill necessary to succeed in
graphics and subsequent engineering courses. Recent research has focused on methods to
develop Spatial Visualization (SV) skills in engineering students, as it is a key skill to succeed in
most of the STEM fields. However, in most of the engineering schools, the instructors find it
very difficult to develop keen SV skills in students. The major factors contributing to this
challenge include, but not limited to the huge class sizes, limited time to teach the material, lack
of effective demonstrations and the unavailability of feasible hands-on activities. With the
funding from the National Science Foundation, the authors are developing a puzzle-based active
learning platform called “Student Assistant for Visualization in Engineering” (SAVE) for
developing SV skills in engineering freshman. In the preliminary version of this learning
platform, the students are asked to complete a quiz with tasks requiring SV skills. For any
incorrect answer, they are provided with automated hints about their mistakes. These hints are
expected to help them in solving the following tasks. If they commit three mistakes, the quiz
locks itself and creates a report on their performance thus far. The students are able to go back
and restart the quiz. The student’s target is to complete the quiz with a minimum number of
attempts. In the study reported here, the effectiveness of this game platform in conveying
essential concepts of engineering graphics is investigated. Firstly, SAVE is implemented in a
smaller classroom and the student feedback is collected. Then, it is implemented in a freshmen
graphics class in a large public university in the west coast. The performance of the participating
students in a follow-up exam is compared against that of a control group. The results show that
the use of SAVE improves students’ conceptual understanding compared to a control group, as
measured by the scores in the follow-up exam.
Introduction & Motivation
Pictorial representation of three-dimensional objects is one of the oldest forms of
communication. Sketches and images have been a very popular medium to communicate ideas
and to store information for future use. The area that deals with two-dimensional pictorial
representations and communication of information is called “graphics” [1]. The area of graphics
have been evolved from very crude hand sketches to the currently used formal engineering
drawings [2]. For engineers, the graphics language using lines and symbols to represent
information has been proved to be more effective than verbal communication [3]. According to
Bertoline, Wiebe, Miller, and Mohler [4], 92% of the communication in engineering is based on
graphics whereas the remaining 8% is shared by verbal and mathematical communication. This
popularity itself calls for the inclusion of a well-developed graphics curriculum in our

engineering schools. In addition, research has shown the role of graphics education in developing
well-balanced human citizens [5, 6].
Spatial visualization (SV) skill is an essential quality for being able to communicate graphically.
Spatial visualization skill can be defined as the ability to mentally understand, visualize, rotate
and manipulate geometric objects [1, 7-9]. Literature shows that keen SV skills is an indicator of
achievement in STEM fields [10]. These skills have been demonstrated as a key factor for the
success in 84 careers [11]. In addition, a 2010 report on the role of women in STEM fields
identifies that SV skills are important for the success of women students in STEM related fields
[12]. The report also states that women and underrepresented minorities in STEM have
comparatively lower SV skills.
Development of students’ SV skills has been a major challenge in engineering graphics
communications courses. This is a hard skill to acquire and the instructional methods being
employed have a great effect on the SV skills [12]. This is the major reason for the recent interest
in the research community on the methods to improve SV skills and mental rotation abilities in
students [1, 12-16]. For example, a recent study recommended the use of tangible models as an
effective technique to develop visualization skills [3]. Similarly, Sorby developed a short course
on SV skills which has proven to be effective in improving student GPAs in a wide range of
STEM courses [16]. This study was conducted at Michigan Tech and the results showed that
only 42% of students in engineering with low SV skills graduated in their major. However, after
attending the short SV skill course, the retention rate of students with originally low SV skills
increased to 64% (an increase of 52%). Currently the materials developed by Sorby [17] have
been used widely in the United States [15].
There are multiple factors that influence the engineering graphics instruction at engineering
departments. In most engineering schools, graphics is taught as a freshman course and they have
comparatively huge class sizes. The unavailability of proper demonstrations and educational
technologies to assist in graphics classrooms is a major factor of concern. Mainly the change of
spatial dimension between 2-D and 3-D is a confusing factor for many students. When a spatial
dimension change and visual rotations are together required to effectively visualize an object, it
becomes a hard task for our students. The limited class time is another important factor as the
instructor is unable to provide the immediate help that the students need. Since these courses are
offered the first semester they attend a university, the students often are not mature enough to
admit that they need additional help outside the classroom. Because of the same reason, many of
them do not follow up during office or tutoring hours for additional assistance.
In an effort to improve the SV skills of engineering freshmen, the authors employed a rapid
feedback cycle [29] based on the mastery approach. In this process, the instructor provides very
rapid feedback on assignments (within two working days after submission) and they have an
opportunity to resubmit the assignment to gain additional points. During the initial feedback, the
mistakes are not completely explained to the students, but hints about their mistakes are

provided. In a controlled experiment conducted at Tuskegee University, it was observed that the
students who resubmitted their work based on the feedback improved their SV skills, as
measured by the Purdue Visualization Test (PVT), compared to a group of students who did not.
However, this approach requires a significant time investment from the instructor, which is a
major drawback.
Building on this previous work, the authors developed a quiz on SV that can provide automated
feedback in the form of hints to students. The target is to establish the rapid feedback cycle
without the additional time investment from the part of the instructor. Eventually, this platform is
expected to be a place where students can go for additional practice and feedback on their work.
Currently, SAVE has a quiz format with automated conceptual feedback. This paper reports the
pilot implementation of this quiz in two universities and the results from the implementation.
Background
Repeated Learning Cycles
Existing literature shows the significance of formative feedback in education [18-22]. Feedback
plays a crucial role in motivating the learning process, in addition to its role in acquisition of new
knowledge[23, 24]. Formative feedback is defined as the information communicated to a student
with the intention of modifying the student’s thinking or behavior with respect to the learning.
The plethora of literature on formative feedback shows the various dimensions of formative
learning and how to implement formative feedback to maximize its benefits. One of the most
important dimension that has been extensively studied is the timing of the feedback. While there
are conflicting results on this issue (e.g., Kulhavy & Anderson[25], Surber & Anderson[26]),
many recent studies show that immediate feedback is beneficial to maximize the learning[26-28].
Student Assistant for Visualization in Engineering (SAVE)
Student Assistant for Visualization in Engineering (SAVE) is a software platform that is being
developed for engineering graphics students to provide them real-time quick feedback using a
puzzle-based game format. Funded by the National Science Foundation, the SAVE project aims
to create a virtual platform where students can achieve mastery of SV skills using a self-paced
game-like environment. Currently, the pilot system has a number of quizzes that the students can
practice with and the system provides them with tips and hints for their successful completion of
those. The system uses a library of questions that is designed to challenge the students at
different levels. For each question four choices of answers are created, out of which one is the
correct response. The wrong choices are created by incorporating the common mistakes that the
students are prone to make. This is done by examining previous midterms and discussion with
instructors teaching the course. The desktop version of the quiz is written in c#.
In SAVE, the students are prompted to login using their institutional credentials. An option to
choose the appropriate level of difficulty for the quizzes – easy, medium, and challenging – is

available through a drop-down menu. Once the student chooses the level of the quiz, he/she will
have 30 minutes to complete that particular level. An object is displayed along with a question
on the mental rotation and visualization of the object and four choices are displayed. The student
can choose an answer. If their choice is correct, the next question is displayed. If he/ she chooses
a wrong answer, a hint is provided to indicate what they missed and the next question is
displayed. Figure 1 shows the SAVE interface and the various steps in the process, as previously
described. If one makes three wrong selections on the same quiz, the quiz exits itself. A report is
generated with the feedback and time details at the termination of the quiz.
While creating the wrong choices, they were classified into the following classes based on
common mistakes that the students make. Some examples include missing solid lines or hidden
lines, correctness of the dimensions, location and dimension of cylindrical or non-rectangular
portions, and features of chamfer blocks. These common mistakes are determined using the
previous homework assignments and tests and also through discussion with instructors of similar
courses.

Figure 1. The quiz module with the drop down menu for selection and hints corresponding to
two wrong choices

It is expected that the immediate feedback that the students receive from the SAVE quiz helps
them in reviewing their choice and understanding the corresponding concept. This is also
expected to help them in avoiding similar mistakes in the subsequent questions.
Research Question
In the study described here, the authors aim to: (1) collect feedback from students to facilitate
further development of SAVE, and (2) to answer the following research question:
Does the rapid feedback in a conceptual pointer format from an online quiz with mental rotation
and visualization activities help students in improving their SV skills?
Implementation of SAVE at Tuskegee University
The first implementation of SAVE was performed at Tuskegee University (TU) where it was
developed. TU is a minority institution with a typical class size of around 30 in the freshmen
classes. Freshmen in an engineering graphics class were asked to volunteer to evaluate this
software. Informed consent, approved by the university’s Institutional Review Board (IRB) were
provided to the volunteers at the beginning of the experiment. The students who volunteered
were given access to SAVE, in addition to their regular learning resources. They were requested
to provide a feedback in the form of an exit survey at the end of level 1 of the quiz. The aim was
to understand the students’ perspective on this platform. The survey asked four questions. The
students were asked to rate their take on the usefulness of the platform to learn multiviews, the
suitability of the time allotted and the difficulty level of the problems. The fourth question was a
descriptive one in which the students were asked to describe any improvements they wished to
see in SAVE.
Figure 2 shows the results from the rating questions on the survey. Based on these results, a good
majority of the students thought that SAVE helped in understanding the concept of multiviews.
A significant percentage of the students agreed that the time available and the difficulty of the
problems were adequate. For the improvements they wished to see, many students suggested
adding more number of questions and questions with increased difficulty. These were added to
the platform. A few students also wished to have the ability to rotate the object provided to them.
This capability is currently being added to the platform and its effectiveness will be explored in
the future work.

The difficulty of the problem is

The quiz is useful to learn orthographic multiviews

Strongly disagree

Strongly agree

Too difficult

Too easy

Correct level for people beginning to learn graphics

The time available to complete the quiz

Not enough time

Adequate time

Too much time

Figure 2. Student ratings for SAVE platform based on exit surveys in TU
Implementation of SAVE at San Jose State University
In addition to collecting data on the potential improvements on the SAVE platform, this study
also aims to investigate the research question proposed earlier. For this investigation, the
engineering design graphics class at San Jose State University (SJSU), a large, public, minorityserving university is used. This course has a typical enrolment of about 200 students each
semester distributed across six sections. The course deals with multiviews, hand sketching and
computer-aided modeling. The last lab section of the semester of this course is used for the
study.
Method
Students in all six sections of this course were requested to volunteer for the study. They were
informed that a new puzzle-based platform for teaching graphics concepts was being evaluated
and their participation was requested. If they were willing to volunteer, they were required to
sign a consent form in electronic format. This consent form was approved by the IRB of the
university. If the student was a minor at the time of the experiment, they were required to obtain
parental consent, but none of the volunteers met that criteria. Their regular classroom, a
computer lab, was used as the study location. SAVE quiz was pre-loaded to the server and the
students could start the quiz by opening the software. They were required to sign a consent form
before they could participate. The experimental session was considered as an extra assignment

that could replace their lowest assignment grade. The students were given with the full grade
regardless of their answers.
Each of the six sections was assigned to one of the three experimental conditions: (1) “No
repeat” condition where the students could not repeat the same quiz after the quiz exits itself
upon making three mistakes, (2) “With repeat”, where the students could use unlimited attempts
to complete the quizzes, and (3) “Control” where participants were instructed to read a couple of
chapters from their textbook about multiviews. All the participants were expected to take a
follow-up exam that tested their knowledge in multi views. The questions in the exam were taken
from their textbook and of the same type and difficulty as in SAVE. Two sections were
designated as no repeat, two as with repeat and the remaining two as control.
Though students in all the six sections volunteered to participate, the data from two sections were
not collected due to technical issues with the server. Two sections were used for no repeat and
one each for with repeat and control conditions. The sample size for each experimental condition
is shown in Table 1.
Table 1. The number of lab sessions used and the sample size for each experimental condition
Experimental
condition

# lab
sessions
used

No repeat

2

# lab
sessions
with usable
data
2

Final
sample
size

With repeat

2

1

22

Control

2

1

23

41

Materials
received

One attempt on
SAVE Quiz, no
reading
Multiple attempts
on SAVE Quiz, no
reading
No SAVE quiz,
reading on
multiviews

All the sections that participated in the study were part of the same course and the lecture
sessions were common. The students received one hour lecture every week followed by a lab
session of 2 hours and 45 minutes of length. The lab sessions were taught by TAs. As all the lab
sessions completed the same activities throughout the semester, the study participants were not
expected to differ in terms of their preparation in CAD.
Procedure
At the beginning of the experiment, each group received an instruction sheet explaining what
they were expected to do. The students were allowed 5 minutes to read the instructions and be

prepared to start the quiz. Then they were instructed to start the quiz and begin answering the
questions. The control group received a copy of two chapters in their textbook that discussed
multiviews with a number of visuals. One of the authors was always available to answer any
potential questions. Since the group with repeat options could continue working on their
problems for a long period of time, the total time for the study was restricted to one hour
regardless of their experimental condition. This time limit was found to be sufficient for other
experimental conditions as well. Each time SAVE existed itself, it created and autosaved a report
on the three mistakes that the student committed. These reports were saved on the server which
were later collected by the investigators.
At the end of the SAVE activity, the students were required to take a follow-up exam with 10
questions. All these questions were in a similar format as SAVE, but the exam was taken on
paper. The students were allowed to leave the room after they completed the exam. They could
also leave the room if they decided to withdraw from the study.
Results
The results from the follow-up exam given to all participating students is shown in Figure 3.
During the follow-up exam, several students complained about a confusion between multiple
choices in one question. Hence this question was eliminated from analysis and the scores on the
remaining 9 questions were used for the analysis. The maximum possible score in this follow-up
exam was 9. It was observed that the students who used SAVE performed better compared to
those who did not. Interestingly, the average score of students who were unable to repeat SAVE
quizzes was higher than those who could repeat them. The group that repeated SAVE quizzes
outperformed their peers in the control group by a very small margin.

Average exam score

8
6
4
2
0
Control

No repeat
Experimental condition

With repeat

Figure 3. Comparison of follow-up exam scores of all participating students. All the error bars
show (± 1) S.E.

For the statistical comparison, a one-way ANOVA was used. The data satisfied both the
normality and homogeneity of variance conditions for performing an ANOVA. The results
showed that the performances of the experimental groups were significantly different from each
other and the experimental condition affected their performance. A Tukey HSD post-hoc test was
used to analyze the data further and the results are shown in Table 2. It was observed that when
the students were able to use SAVE without repeating the quizzes, they performed significantly
better compared to the control group. The difference between the two groups that used SAVE
was also significant, statistically. However, the students who were allowed to repeat SAVE only
showed marginal improvement in the SV skills compared to the control, but this difference was
statistically insignificant.
Table 2. Results from Tukey HSD post-hoc tests on the data

Conditions compared

p-value

Interpretation

Control vs No Repeat

<0.05

Significant

Control vs With Repeat

0.07

Not significant

No Repeat vs With Repeat

<0.05

Significant

All comparisons are made with α = 0.05
Based on the results, it can be concluded that the rapid feedback in the form of small tips that the
students obtain from SAVE can help to improve their SV skills, as measured by the follow-up
exam. However, when they are allowed to repeat the use of SAVE quizzes, the learning gains are
not very significant. Interestingly, it was observed that none of the students who were allowed to
repeat reached Quiz 2 within the time allowed for the study. Some of them repeated the
questions in Quiz 1 as many as 12 times. It can be argued that while repeating Quiz 1, the
students in this group were trying to remember the correct responses and to reproduce them in
the following attempt, which minimized their learning gains. These students were focused on
scoring 100% in the quiz rather than understanding the mistakes they made in the previous
attempt. They still achieved marginal improvement in their SV skills in the process.
Conclusions
Motivated by the challenges that engineering graphics instructors face when teaching spatial
visualization skills, SAVE project aims to develop a puzzle-based virtual platform where
students can gather immediate tips and hints about the work they completed. SAVE hosts a
number of questions where students are required to mentally rotate and visualize various shapes.
This work in progress paper examines the feedback from users and incorporates that feedback
into the SAVE platform. Further, the authors conduct a simple empirical study where they
compare the scores in a simple visualization test across three groups of students where two
groups are allowed to use SAVE and a control group who is not exposed to SAVE. The

preliminary results show the students who use SAVE score better in their follow-up exam. This
indicates that SAVE has the potential to be a platform where instructors can direct their students
to improve their spatial visualization skills.
Future Work
In addition to continuously improving the SAVE platform, the future work on this project will
explore the trends shown by the reports autosaved by SAVE. It will be interesting to explore if
students are repeating their mistakes after being given tips to avoid them. It will also be
interesting to see how these trends correlate with the lower average scores in the experimental
condition where participants are allowed to repeat SAVE quizzes. The future work will also
explore if these results are repeatable at other universities.
Limitations of the Study
In this study, the prior exposure of the participants to sketching and CAD modeling packages is
not explored. In the student population in SJSU, it is typical that around 10% of the students in
the design graphics class possess some extent of CAD training. However, this is not expected to
significantly bias the results. This factor will be explored in future studies.
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